Abstract-A novel multi-band band-reject filter based on multi-ring complementary split-ring resonators (multi-ring CSRRs) is presented. The proposed filter is realized by etching the multi-ring CSRRs in the ground plane beneath a microstrip line. The multi-ring CSRR offers the possibility of designing multi-band filters with a small size and simple structure. To validate the proposed prototype of the multi-band filter, a dual-band and tri-band filters were fabricated and tested. The proposed filters show a good multi-band property to satisfy the requirement of WLAN in the 2.4/5.8 GHz bands and WiMAX in the 2.5/3.4 GHz bands. A good agreement between experimental and simulated results is obtained.
INTRODUCTION
Metamaterials are artificially synthesized materials which produce attractive physical properties unavailable in the conventional material [1] . It can exhibit exotic negative refractive index, inverse Snell's law and reversed Doppler effects. The dimensions of metamaterial inclusions are small compared to the wavelength at the resonance. Split ring resonator was the first particle proposed for the implementation of metamaterial [2] . In fact, to achieve a negative effective permeability in a certain frequency range, the metamaterial can be designed based on split ring resonators (SRRs) or similar geometries [3, 4] . These structures have been widely described as basic resonators to construct miniaturized microwave circuits. Using SRRs, the miniaturization can be realized by taking advantage of the well-known sub-wavelength effect of these structures [5] . In particular, split-ring resonator (SRR) can be used as a basic particle for the design of stopband negative permeability structure [6] . The possibility of designing bandpass and band-reject filters using split ring resonator has been demonstrated in various studies [7] [8] [9] . In 2004, a stopband microstrip line based on complementary split ring resonators (CSRRs) was fabricated by Falcone et al. [10] . Moreover, it was demonstrated that the split ring resonator SRR has a very narrow band response compared to the complementary split ring resonator [11] . Recently, complementary split ring resonator is more frequently used for the design of filters with wide and deep stopbands [12] [13] [14] [15] . Band-reject filters were as well designed based on the defected ground structure (DGS) technology [16] [17] [18] [19] . This technology plays an important role in the improvement of the performance of bandstop filters. To suppress the spurious signals, it is necessary to use a band-reject filter. By cascading Ushaped DGS, Xiao et al created dual and tri-band bandstop filters [20] . It has been demonstrated that U-shaped defected ground structure has a better stopband performance compared with conventional dumbbell ones. Not only has the U-shaped DGS provided a very narrow band rejection but it has also offered more miniaturization. The designed multi-band filters based on U-shaped DGS were the only bandstop filters reported in the literature, that only use a simple DGS pattern. Inspired by the same methodology and in order to design a multi-band band-reject filter, a multi-ring CSRR will be introduced. In [21] , Turkmen et al. proposed a new N -ring SRR unit cell for multi-band metamaterials.
The multi-band resonator is composed of a number N of different concentric split rings. The N -ring generates N different resonance frequencies and engenders a magnetic resonance for each frequency. In fact, the value of each resonance response can be adjusted by varying the geometrical parameters of each ring resonator and also by changing the design parameters. In this paper, a compact multi-band bandreject filter using multi-ring complementary split ring resonators (multi-ring CSRRs) is proposed. As a proof of concept, two filters are designed and simulated for two different cases (for N = 2 and 3). The center frequencies of the filters are 2.4 GHz, 3.4 GHz and 5.8 GHz. Compared to the dual and tri-band filters presented in [20] , the designed filters offer a wider bandwidth for the different reject-bands. The prototype of the filter provides the possibility of generating more operation bands as the number of the stopbands is tuned by the number N of the CSRR rings. The filters are fabricated and experimentally tested. The experiment and simulation results demonstrate a good agreement.
DESIGN APPROACH

Multi-Ring Complementary Split-Ring Resonator
Multi-ring CSRR can be derived from a simple structure of the multi-ring SRR using the concepts of duality. As reported by the Babinet principle, to obtain the complementary of any structure, the planar metallic traces of the original multi-ring SRR are replaced with apertures and the apertures are replaced with metal plates. The multi ring complementary split ring resonator is the dual of the original one (multi-ring SRR). Furthermore, the negative permeability is transformed to a negative permittivity in the case of the multi-ring CSRR. For the multi-ring CSRR, the number of the resonances can be determined by the CSRR rings placed in the unit cell. This means that if a designed multi-ring CSRR has N -rings it will generate N resonances. The distinct resonances are mainly due to self and mutual couplings of each CSRR ring. The multi-ring CSRR are etched in a dielectric substrate with a thickness of 1.27 mm and a relative dielectric constant ( r = 10.2). The commercial software Ansoft HFSS is used to perform the analysis of the S-parameter of the different multi-ring CSRR unit cells. Figure 2 illustrates the simulated transmission coefficients of three different unit cells. The first unit cell is a simple CSRR ring, the second and third unit cells are formed by two and three CSRR rings respectively (prototypes are shown in Figure 1 ). The optimized geometrical parameters of the three unit cells are recapitulated in Table 1 . As shown in Figure 2 , the second and the third stopbands have the same performance in term of bandwidth. It has been demonstrated in [20] that the U-shaped DGS generates One-ring CSRR parameters ( mm) Two-ring CSRR parameters ( mm) Three-ring CSRR parameters ( mm) narrower bandwidth for the second and the third bands. In fact, these bands are created by the DGS coupling and not by the intrinsic proprieties of the DGS. In the case of the multi-ring CSRR, the second and the third bands are created by the self and mutual couplings of each CSRR ring. Consequently, it can be deduced that the multi-ring CSRR provides the possibility of creating multi-band band-reject structure combining the intrinsic proprieties of each ring and the coupling between the different rings.
The S-parameters of each unit cell and the position of the resulting resonant frequency have been determined using a time varying electromagnetic field. Afterwards, the effective permittivity of the multi-ring CSRR is determined from the physical quantities of the reflection coefficient S 11 and the transmission coefficient S 21 based on the extraction formula [22, 23] . Figure 3 illustrates the negative permittivity characteristics of the two-ring CSRR. The geometric characteristics of the complementary two-ring cells are illustrated in Figure 1 (b) and detailed in Table 1 . It can be inferred from Figure 3 that the two-ring CSRR have two resonance frequencies. The first ring CSRR resonates at 2.4 GHz and its relative permittivity is truly negative from 2.39 GHz to 2.53 GHz. The second ring CSRR resonates at 5.8 GHz and its equivalent effective permittivity is negative from 5.81 GHz to 5.94 GHz. The physical dimensions of the three-ring CSRR are shown in Figure 1 (c). These dimensions were optimized to obtain three distinct resonances. The optimized dimensions are recapitulated in Table 1 . Compared to the two-ring CSRR cell, three-ring CSRR inclusion has three distinct resonance frequencies. As shown in Figure 4 , there are three different electric resonances respectively at 2.4 GHz, 3.4 GHz and 5.8 GHz.
From Figure 3 and Figure 4 , it can be noticed that the desired number of resonance frequencies can be controlled by the number of the rings in one CSRR unit cell. As a result, by choosing the number of the CSRR rings, the corresponding number of electric resonances can be easily realized. The two multi-ring CSRR inclusions already simulated will be applied to create multi-band filters.
Multi-Band Filters Configuration
The configuration of the proposed multi-band filters is shown in Figures 5(a) and 6(a) . The design consists of a microstrip line on the top of the substrate while the multi-ring CSRR are etched in the ground plane. In fact, the microstrip line induces electric field lines; these electric field lines are perpendicular to the ground plane. The multi-ring CSRRs will have negative permittivity when an electric field is perpendicular to the plane of these inclusions. Hence, the multi-ring CSRR etched in the ground plane just below the microstrip line create a stopband with strong electric coupling. Based on this theory, two categories of bandstop filters are designed. The first prototype is a dual-band filter based on a two-ring CSRR. The second designed filter is a tri-band filter based on a three-ring CSRR. The Rogers RO3010 substrate used is with a dielectric constant of 10.2 and a thickness of 1.27 mm.
To make the line's characteristics impedance 50 Ω, the width of the microstrip line is set to 1.2 mm. As shown in Figure 5 (a), four unit cells of two-ring CSRR are etched in the ground with a distance of s = 0.3 mm between each two unit cells. These four unit cells are introduced to achieve a dual-band response. On the other hand, to achieve a tri-band response, four three-ring CSRRs are loaded in the ground of the tri-band filter (a prototype is shown in Figure 6 (a)) with the same distance s of 0.3 mm.
RESULTS AND DISCUSSIONS
The designed band-reject filters are simulated by using finite element analysis based on Ansoft HFSS. Effect of varying a 2 on the transmission response of the tri-band filter.
2.4 GHz. The second stopband is detected from 5.5 to 6.23 GHz. For this stopband, the center frequency is 5.8 GHz allowing the FBW of 12.5%.
The simulated reflection coefficient of the tri-band filter is shown in Figure 6 (b). The filter generates very high rejection with sharp cutoffs in three different bands. The three stopbands extend from 2.23 to 3.06 GHz, 3.34 to 3.91 GHz and 5.63 to 6.17 GHz. The centre frequency of the first stopband is 2.4 GHz yielding the FBW of 34.5%. From Figure 6 (b), it is noticed that the second and the third stopbands of this filter are centered at 3.4 GHz and 5.8 GHz with the fractional bandwidth of 16.7% and 9%, respectively.
In the proposed filters, the resonance frequencies of the multi-ring CSRR cells were adjusted at 2.4 GHz, 3.4 GHz, and 5.8 GHz respectively, which can be designed by tuning the geometrical parameters. In the process of design, the variation of the geometric parameters of the multi-ring CSRR cells can be easily applied to determine the center frequencies of the stopbands and the bandwidth of each stopband. Therefore, the topologies of the designed filters have a great flexibility. In fact, the resonance frequency of the multi-ring CSRR can be tuned by changing the geometric parameters such as the side length of the ring, the distance between two rings, the aperture width. In order to investigate the effect of the multi-ring CSRR geometrical parameters on dual and tri-band response of the designed filters, a parametric study is performed. In the case of the dual-band filter, the side length a 3 is varied from 3 mm to 5 mm and the transmission coefficient S 21 of the filter is numerically computed. Figure 7 illustrates the transmission coefficient of the dual-band filter when varying the side length a 3 of the small ring. While the first center frequency is kept intact, the second center frequency has been shifted down as increasing the side length a 3 . From Figure 7 , it is clearly observed that the second stopband of the filter can be easily displaced from 5.8 GHz to 3.2 GHz. It has been demonstrated in [24] that the CSRR behaves as an LC resonator. The total inductance of this resonator is created by the inductive coupling between the external and internal strips around the slotted rings. Moreover, the resonance frequency of an LC resonator can be expressed as a function of the capacitance and the inductance
. Hence, when the side length of each CSRR ring increases, the effective inductance of the inclusions increases and gives rise to a lower center frequency. As shown in Figures 7, 8 and 9 , each center frequency depends on the side length of the concentric ring CSRR that generates this frequency. Hence, not only each center frequency can be controlled independently but also it gives the filter more flexibility. Concerning the tri-band filter, the side length a 2 is varied when all the other geometrical parameters are kept constant. Figure 8 depicts the coefficient S 21 of the tri-band filter when changing the side length a 2 from 4.2 mm to 5.1 mm. It can be seen from Figure 8 that an increase in the side length a 2 causes the second rejection band to shift to lower frequencies.
When the side length a 2 increases, the distance between the first and the second rings decreases. As a result, the effective capacitance between the two rings increases, which leads to a decrease in the center frequency created by the second ring. As regards the first and the third stopbands are Figure 9 .
Effect of varying a 3 on the transmission response of the tri-band filter. kept approximately intact. The variation of the side length a 3 similarly affects the center frequency generated by the third CSRR ring. This effect of a 3 on the center frequency is illustrated in Figure 9 . Therefore, the side length of the multi-ring CSRR has an important effect on the center frequencies of the dual and tri-band filters. Figures 10, 11 and 12 show the impact of the side length of the multi-ring CSRR on the bandwidth of the different reject-bands. As the side length of one CSRR ring increases, the distance between two consecutive rings decreases, which causes the reduction of the bandwidth of the stopbands created by these two rings. Inversely, the bandwidth increases with the distance between two rings increasing. Based on previous results, the prototype of the filters demonstrates a flexibility of adjusting the different stopbands by changing the geometrical parameters of the proposed multi-ring CSRR inclusions. The simulated filters were fabricated and the scattering parameters are measured using vector network analyzer. The photographs of proposed filters bottom view are given in Figures 13(a) and 14(a) . Both simulated and measured results of return-loss and insertion-loss are presented in Figures 13(b) , (c) and 14(b), (c), respectively. Very good agreement has been obtained between simulated and measured results with minor differences. For the experiment results, there is a slight shift in the different stopbands. These small discrepancies can be attributed to possible mismatching in connectors and also to fabrication tolerances. The fabricated filters are simply suitable for applications at 2.4 GHz, 3.4 GHz and 5.8 GHz operating frequencies. It is believed that the proposed filters will provide a small and easy-to-fabricate alternative to other multi-band filters. 
CONCLUSION
A compact multi-band band-reject filter is proposed based on the multi-ring complementary split ring resonator (N -ring CSRR). Two filters are designed and simulated for two different cases (for N = 2 and 3). The desired number of the stopbands in the filter can be controlled by the number of the rings in one CSRR unit cell. A dual-band bandstop filter was proposed by etching four unit cells of two-ring CSRR in the ground plane of a microstrip line. On the other hand, a tri-band bandstop filter was designed by cascading four unit cells of three-ring CSRR. Moreover, the designed filters show a great flexibility. By choosing the geometric dimensions of the multi-ring CSRR cell appropriately, the center frequencies of the stopbands could be easily determined. The proposed filters were fabricated and tested. A good agreement between simulated and measured results validates the proposed design.
The proposed filters provide a new way to design multi-band filters with small dimensions and simple structures. Moreover, the newly fabricated filters are suitable for WiMAX and WLAN applications.
